Praziquantel (PZQ) is effectively the only drug currently available for treatment and control of schistosomiasis, a disease affecting hundreds of millions of people worldwide. Many anthelmintics, likely including PZQ, target ion channels, membrane protein complexes essential for normal functioning of the neuromusculature and other tissues. Despite this fact, only a few classes of parasitic helminth ion channels have been assessed for their pharmacological properties or for their roles in parasite physiology. One such overlooked group of ion channels is the transient receptor potential (TRP) channel superfamily. TRP channels share a common core structure, but are widely diverse in their activation mechanisms and ion selectivity. They are critical to transducing sensory signals, responding to a wide range of external stimuli. They are also involved in other functions, such as regulating intracellular calcium and organellar ion homeostasis and trafficking. Here, we review current literature on parasitic helminth TRP channels, focusing on those in schistosomes. We discuss the likely roles of these channels in sensory and locomotor activity, including the possible significance of a class of TRP channels (TRPV) that is absent in schistosomes. We also focus on evidence indicating that at least one schistosome TRP channel (SmTRPA) has atypical, TRPV1-like pharmacological sensitivities that could potentially be exploited for future therapeutic targeting.
Introduction
Trematode flatworms of the genus Schistosoma cause schistosomiasis, a neglected tropical parasitic disease affecting hundreds of millions globally (Colley et al., 2014; King and Dangerfield-Cha, 2008) . Pathology in schistosome infections results mainly from immunopathological host responses to parasite egg deposition, with associated morbidity, impaired childhood development and adult productivity, higher susceptibility to other infectious agents such as HIV, and, in an estimated 280,000 people annually, death (Colley et al., 2014; Hotez and Fenwick, 2009; King, 2010; King and Dangerfield-Cha, 2008; Ndeffo Mbah et al., 2013; van der Werf et al., 2003) .
In the absence of an effective vaccine, chemotherapeutic intervention remains the main strategy for managing and controlling the spread of schistosomiasis. Praziquantel (PZQ) is the current drug of choice (Danso-Appiah et al., 2013; Kramer et al., 2013) , and is in effect the only antischistosomal treatment currently available (Hagan et al., 2004) . Reliance on a single drug for a disease of such high prevalence is a dangerous situation, particularly in light of reports of field and experimentally-induced isolates exhibiting PZQ insusceptibility (reviewed by Day and Botros, 2006; Doenhoff and Pica-Mattoccia, 2006; Greenberg, 2013; Wang et al., 2012) . Furthermore, immature schistosomes (2e4 weeks post infection) are largely refractory to PZQ, complicating treatment strategies and analysis of efficacy (Aragon et al., 2009; Pica-Mattoccia and Cioli, 2004; Sabah et al., 1986; Xiao et al., 1985) . There is clearly an urgent need for new or repurposed therapeutics for schistosomiasis treatment and control.
A large proportion of current anthelmintic drugs, likely including PZQ (Greenberg, 2005) , target ion channels of the parasite's neuromuscular system (Greenberg, 2014; Wolstenholme, 2011) . However, the functional and pharmacological properties of only a few families of ion channels found in parasitic helminths have been investigated in any detail. One largely unexplored group of ion channels in schistosomes and other parasitic helminths is the transient receptor potential (TRP) channel superfamily. Here, we review the current state of knowledge regarding TRP channels in schistosomes and other platyhelminths, including recent studies that indicate that these channels are important regulators of neuromuscular activity in schistosomes, and also appear to exhibit atypical pharmacology which might be exploitable for therapeutic targeting. We also attempt to articulate some of the many open questions that are available for investigation in this nascent field.
TRP channels
TRP channels comprise a large superfamily of (typically nonselective) cation channels that display an extraordinary diversity of functions and activation mechanisms (Nilius and Szallasi, 2014; Venkatachalam and Montell, 2007) . Indeed, a single TRP channel can be activated through different, seemingly unrelated, mechanisms. TRP channels were initially discovered and characterized in Drosophila, with later identification of 25e30 mammalian isoforms. Though the full array of physiological functions of these channels is only gradually becoming clear, one unifying theme appears to be their key role in responding to all major classes of external sensory stimuli (eg, light, chemicals, temperature, touch) , in large part due to their role in modulating intracellular Ca 2þ concentrations (Gees et al., 2010) . TRP channels also provide individual cells the capability to sense changes in their environment (eg, alterations in osmolarity), and appear to be involved in the enhanced proliferation, aberrant differentiation, and resistance to apoptosis associated with uncontrolled tumor invasion (Santoni et al., 2011) . TRP channels are also under intense investigation for their roles in organellar trafficking and autophagy (Venkatachalam et al., 2015) , pain and inflammation (Bautista et al., 2013; Dai, 2015; Julius, 2013) , cancer (Gautier et al., 2014; Liberati et al., 2013) , metabolic diseases (Zhu et al., 2011) , respiratory diseases (Grace et al., 2014) , cardiovascular diseases (Yue et al., 2014) , and other conditions (Brinkmeier, 2011; Kaneko and Szallasi, 2014; Nilius and Szallasi, 2014) . In the free-living model nematode Caenorhabditis elegans, TRP channels mediate a wide range of functions (Venkatachalam et al., 2014; Xiao and Xu, 2011) , including, among others, nicotine dependence, lifespan regulation, organelle biogenesis and trafficking, and, as expected, various modalities of sensory transduction. Based on structural homology, TRP channels fall into 7 (or 8) subfamilies in metazoans (Peng et al., 2015; Venkatachalam and Montell, 2007) :
A TRPC (canonical) channels are most similar to Drosophila TRP, the founding member of the TRP superfamily. They are activated by the phospholipase C cascade, among other factors, may sense mechanical stretch, and possibly Ca 2þ store depletion.
B TRPV (vanilloid) channels are involved in thermoreception, taste, nociception, and response to inflammatory signaling (Kauer and Gibson, 2009; Vriens et al., 2009 ). There are several members of the sub-family, including TRPV1, which is found in the vertebrates. TRPV1 is the receptor for capsaicin, an active ingredient in chili peppers, and related compounds (Caterina et al., 1997) . C TRPA (ANKTM) channels contain multiple N-terminal ankyrin domains and are thought to be gated by temperature and noxious mechanical stimuli (Zygmunt and Hogestatt, 2014) . They are modulated by many compounds, including pungent electrophilic compounds such as allyl isothiocyanate (AITC; found in mustard oil). TRPA1 is the only mammalian TRPA channel.
Both TRPV1 and TRPA1 are activated by endogenous proinflammatory (and other) compounds (Bautista et al., 2013) and are often co-expressed in cells that respond to noxious and proinflammatory stimuli (Fernandes et al., 2012) . High-resolution structures for both TRPV1 and TRPA have recently been reported Liao et al., 2013; Paulsen et al., 2015) . D TRPM (melastatin) channels transduce taste, osmotic swelling, temperature (cold perception), and other sensory stimuli. They respond to many chemical compounds, and there are several subtypes in mammals. E TRPML (mucolipin) channels are intracellular channels that function in endolysosomal vesicles Venkatachalam et al., 2015) . They are important for autophagy and nutrient (amino acid) utilization. TRPML channels are permeable to ions such as Fe 2þ and Zn 2þ , and are likely involved in iron flux and organellar ion homeostasis. A loss-of-function mutation in one of the three human subtypes causes endolysosomal storage disease, mucolipidosis type IV, a childhood neurodegenerative disorder. F TRPP (polycystin) channels appear to be mechano-or proton sensors. They are conserved in vertebrates, invertebrates, and yeast. One human subtype is mutated in autosomal dominant polycystic kidney disease (ADPKD), a disorder in which both kidneys show age-dependent massive enlargement. G TRPN (NompC) channels appear to be mechanosensors and are not found in mammals or schistosomes. H TRPVL channels have been proposed as a separate TRP channel sub-family found only in cnidarians and polychaete worms (Peng et al., 2015) .
For more details on the different classes and the members of those classes, see recent reviews (Nilius and Szallasi, 2014; Peng et al., 2015; Venkatachalam and Montell, 2007) .
3. Schistosomes have several TRP channel genes, but none coding for TRPV channels
As noted above, TRP channels have been well characterized in the free-living nematode Caenorhabditis elegans and are implicated in many critical functions in that organism (Venkatachalam et al., 2014; Xiao and Xu, 2011) . In contrast, until recently there were virtually no studies on this important group of ion channels in any parasitic helminths, including schistosomes.
TRP channels almost certainly play key roles in a variety of schistosome physiological functions. For example, it is reasonable to predict that TRP channels function in the transduction of the thermal and chemical signals necessary for host-finding in cercariae (McKerrow and Salter, 2002) ; indeed, another platyhelminth, the free-living planarian Dugesia japonica, appears to use a TRPM channel for thermo-signaling (Inoue et al., 2014) . Thermosensory and chemosensory TRP channels may also play critical roles as schistosomes nearly instantaneously adapt to vastly different environmental temperatures and chemical milieus while transitioning from the aquatic environment into the mammalian (and snail) host. Once within the mammalian host, schistosomes also likely require TRP channel sensory and neuromuscular functions to help guide migration of schistosomula and juvenile worms to (and from) the lungs and eventually to their predilection site. In adult worms, TRP channels may be important for maintaining position within the blood vessels, male-female pairing and reproduction, and responses to host factors. TRP channels may also play critical roles in phototropism, host finding, and development in miracidia and snail-stage sporocysts. Normal functioning of the endolysosomal TRPML-like channel is likely to be essential for organellar trafficking, autophagy, nutrient acquisition, and perhaps neuronal development in schistosomes, as it is in other organisms Venkatachalam et al., 2015) , and may have a role to play in iron transport and utilization in mammalian-stage blood-feeding schistosomes, as in trypanosomes (Taylor et al., 2013) .
Analysis of the original Schistosoma mansoni genome predicted representatives of the TRP channel family, with several within the TRPM and TRPC subfamilies, and one each within the TRPA, TRPP, and TRPML subfamilies (Prole and Taylor, 2011; Wolstenholme et al., 2011) . We have further queried the revised S. mansoni genome (Protasio et al., 2012) for TRP channel homologs ( Fig. 1) , and have matched them with their most closely-related human TRP channel subfamily and subtype within that subfamily (eg, TRPC3 vs. TRPC5). Although such subtype comparisons should be treated as a first approximation, as subtype distinctions defined for mammalian ion channels can break down in phyla distant from the mammals (Jeziorski et al., 2000) , they may provide some insight into the diversity of TRP channels in schistosomes.
Confirming the published bioinformatics analyses (Prole and Taylor, 2011; Wolstenholme et al., 2011) , we find on the order of 15 TRP channel-like genes in S. mansoni distributed amongst the TRPC, TRPM, TRPA, TRPP, and TRPML subfamilies. The most highly represented subfamily is TRPM, with 8 S. mansoni genes, followed by the TRPC subfamily (4 genes). The TRPA, TRPP, and TRPML subfamilies are each represented by a single member in S. mansoni. We find that a similar set of TRP channels also appears in the Schistosoma haematobium and Schistosoma japonicum genomes (not shown). Gene knockout studies of the mammalian orthologues of these schistosome TRP channels produce interesting phenotypes, including sensory and other defects (Wu et al., 2010) . Similar phenotypes in schistosomes could have devastating effects on essential sensory signaling and completion of the parasite life cycle. Furthermore, agents that agonize or allosterically potentiate these channels could dysregulate channel activity and also prove highly deleterious to the worms (indeed, most anthelmintics that act on channels activate them inappropriately). Interestingly, there is also precedence for the same TRP channel orthologue from different species exhibiting differing sensitivities to sensory input or pharmacological agents. For example, TRPV3 is activated by heat in mice, but cold in frogs (Saito et al., 2011) , and caffeine activates mouse TRPA1, but suppresses human TRPA1 (Nagatomo and Kubo, 2008) . Fig. 1 also depicts relative expression levels of the predicted S. mansoni TRP channels at different stages of the life cycle, based on normalized RNAseq data at the GeneDB website (Protasio et al., 2012) . These varying levels of expression suggest that different TRP channels may play distinctive roles at different life cycle stages. Interestingly, the highest relative expression of most schistosome TRP channels occurs in cercariae (C) or schistosomula (S-3, S-24), with reduced expression in adults, perhaps indicating that these larval stages, in which host finding, temperature adaptation, and migration are critical, are particularly dependent on TRP channel function. In addition, using RT-PCR, we find that essentially all of these sequences are also expressed in adult worms. For example, the RNAseq data at GeneDB for SmTRPA (Smp_125690; AMB20412), a TRPA1-like channel from S. mansoni, suggests that it is not expressed in adult worms (Protasio et al., 2012) . However, as Fig. 1 . Families of TRP channel genes in S. mansoni. Maximum likelihood tree of predicted S. mansoni TRP channel protein sequences, shown with closest human TRP channel subtype (color coded by subfamily). Note the absence of predicted TRPV-like sequences. Relative expression levels (þ, þþ, þþþ, þþþþ) at different parasite stages are derived from transcriptomics data (Protasio et al., 2012) at http://www.genedb.org/Homepage/Smansoni as well as our own analysis using RT-PCR against S. mansoni RNA. C, cercariae; S-3, 3-h schistosomula; S-24, 24-h schistosomula; A, adults. Tree was derived using alignment and tree building software as implemented in MEGA6 (Tamura et al., 2013) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) described (Bais et al., 2015) , we can detect SmTRPA RNA expression in adults using qRT-PCR (and can knock it down with siRNA).
Notably, there appear to be no representatives of the TRPV subfamily in any schistosome genomes, a striking absence given that TRPV channels are found in animals ranging from cnidarians to mammals (Peng et al., 2015) . Indeed, as illustrated in Fig. 2 , we find no TRPV representatives in the available genomes of any endoparasitic trematodes or cestodes we have examined (at http://parasite. wormbase.org). In contrast, we do find TRPV homologs in the freeliving planarians Schmidtea mediterranea,, Dugesia japonica (Inoue et al., 2014) , and Macrostomum lignano (Fig. 2) , highlighting potentially differential sensory modalities required for a free-living vs. parasitic lifestyle. Thus, parasitic platyhelminths may not require many of the sensory functions associated with TRPV channels, and may have consequently lost all members of the TRPV sub-family as an adaptation to parasitism; those remaining sensory and other functions that would normally be mediated by TRPV channels may be fulfilled instead by TRP channels from other subfamilies. Recent work from our laboratory (Bais et al., 2015) indicates that a TRPA1-like channel in S. mansoni (SmTRPA) may be mediating responses of the parasite to activators and antagonists of mammalian TRPV1 (as well as to TRPA1 modulators).
Capsaicin and other TRPV1 channel modulators affect schistosome locomotor activity
We have found that modulators of several different TRP channels have effects on locomotor activity in schistosomes. One on which we have focused is capsaicin, an active ingredient in hot peppers, and an activator of TRPV1 (Caterina et al., 1997) . TRPV1, also known as the vanilloid receptor (VR), is sensitive to heat (>43 C), pH, and endogenous and exogenous inflammatory agents, among other factors. Many TRPV1 channels are also activated with high potency by capsaicin and related compounds; indeed, this sensitivity to capsaicin led to the initial discovery of TRPV1 (Caterina et al., 1997) . Capsaicin and related compounds show selectivity for TRPV1; other members of the TRPV channel subfamily are not activated by capsaicin (Caterina et al., 1999; Vriens et al., 2009) . Furthermore, TRPV1 channels from different species can exhibit large differences in capsaicin sensitivity. Thus, rabbit TRPV1 is~100-fold less sensitive to capsaicin than rat or human TRPV1, and avian (chicken) TRPV1 is largely insensitive to capsaicin; these sensitivity differences localize to a few amino acids in the S3 and S4 domains of the TRPV1 sequence Chou et al., 2004; Gavva et al., 2004; Jordt and Julius, 2002; Phillips et al., 2004) .
Genes for single or multiple TRPV-like channels have been found in many invertebrates, but capsaicin-sensitive TRPV1 channels are found only in the vertebrates (Venkatachalam and Montell, 2007) . Nonetheless, a few scattered reports indicate that invertebrates can exhibit sensitivity to capsaicin. These include mollusks and leeches, which show cellular activation and avoidance behaviors in response to relatively high concentrations (>100 mM) of capsaicin (Erdelyi and Such, 1986; Hernadi et al., 1995; Kalil-Gaspar et al., 2007; Summers et al., 2014) . Micromolar concentrations of capsaicin and capsaicin-like compounds (Nvanillylnonanamide, N-benzoylmonoethanolamine benzoate) also inhibit substrate attachment of a mollusk (the zebra mussel Dreissena polymorpha) by its byssus, a proteinaceous adhesive apparatus (Angarano et al., 2007) . Such byssal attachment of this invasive species is responsible for fouling of aquatic man-made structures. C. elegans does not appear to avoid capsaicin itself, though there is evidence that thermal avoidance behavior may be enhanced by the compound (Wittenburg and Baumeister, 1999) , and flies (Drosophila) have been reported to show a positive preference for capsaicin (Al-Anzi et al., 2006) .
There are few studies of the effects of capsaicin on schistosomes or other platyhelminths. Capsaicin and the TRPM8 agonist icilin were tested against the free-living planarian Dugesia dorotocephala, and although icilin elicited increased locomotor activity, there was no detectable response to 10 mM capsaicin (Rawls et al., 2007 ). An earlier study on Dugesia (Baguna et al., 1989) showed that 10 À6 M capsaicin stimulated cell division, while 100-fold higher concentrations (10 À4 M) appeared to kill the worms. Finally, oil extracts of the leaves and fruit of the Brazilian pepper Capsicum annuum, which likely contain capsaicin, were shown to kill 90e96% of S. mansoni cercariae within 15 min (Frischkorn et al., 1978) . However, an oil extract of the marigold pepper Piper marginatum, which is not a chili pepper (genus Capsicum), and presumably does not contain capsaicin (Barceloux, 2009) , had a similar effect on cercariae, suggesting that the killing of cercariae by these extracts may be independent of capsaicin. We have found that capsaicin has powerful effects on schistosome locomotor activity (Bais et al., 2015) . Concentrations of capsaicin !10 mM, similar to those used for testing on intact mice (Caterina et al., 2000) , dramatically stimulate motility in both S. mansoni schistosomula and adults, a surprising finding given the absence of TRPV (and TRPV1) channel genes in this organism. Fig. 2 . Phylogenetic relationships of TRPV-and TRPA-like sequences from platyhelminths and other organisms. Maximum likelihood analysis on the conserved ion transport domains of a subset of TRPA-and TRPV-like sequences from various organisms, with an emphasis on platyhelminths. Sequences in red are from parasitic platyhelminths; those in green are from free-living platyhelminths. Note the absence of TRPV-like sequences in the parasitic platyhelminths, but several examples in the free-living flatworms. Sequences used (plus accession numbers) are: S. haematobium TRPA (A_03331); SmTRPA (AMB20412); Fasciola hepatica TRPA (wormbase: BN1106_s1338B000219.mRNA-1); Clonorchis sinensis TRPA (GAA49883); Echinococcus multilocularis TRPA (EmuJ_000226200); Dugesia japonica TRPA (BAP91037); Drosophila melanogaster TRPA1 (Q7Z020); Human TRPA1 (O75762); Rat TRPA1 (NP_997491); C. elegans TRPA1 (Q18297); C. elegans TRPA2 (NP_492031); Dugesia japonica TRPVa (BAP40096); Schmidtea mediterranea TRPV (wormbase: mk4.000540.12); Macrostomum lignano TRPV (wormbase: maker-uti_cns_0006599-snap-gene-0.2-mRNA-1); C. elegans Ocr-2 (CCD63561); C. elegans Osm-9 (AAB87064); Dugesia japonica TRPVb (BAP40097); Human TRPV2 (AAH51305); Rat TRPV2 (Q9WUD2); Human TRPV4 (Q9HBA0); Rat TRPV4 (Q9ERZ8); Human TRPV1 (NP_061197); Rat TRPV1 (O35433). Analysis was performed using MEGA6 (Tamura et al., 2013) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Motility of both male and female adult worms in culture increases 5e10-fold (as measured by changes in pixel gray scale levels in video recordings) in 10 mM capsaicin, and 25e40-fold in 60 mM capsaicin. Resiniferatoxin (RTX), a highly potent plant toxin that activates TRPV1 by binding to the vanilloid binding site , also increases adult worm motility 5e20-fold at concentrations of 3e10 mM RTX. A selective TRPV1 antagonist (SB 366791) blocks the stimulatory effects of capsaicin on S. mansoni locomotor activity. Thus, in schistosomes, an organism lacking genes for TRPVlike channels, stimulation of motility by TRPV1 activators exhibits TRPV1-like pharmacology.
Another important effect of capsaicin on adult schistosomes is to disrupt worm pairing. In capsaicin, male-female worm pairs separate rapidly, perhaps indicative of a nociceptive response. This finding is significant, because adult schistosomes within the mammalian host reside within the circulatory system in copula, as male-female pairs, and that pairing is essential for normal female development, maturation, and reproduction (LoVerde et al., 2010) . Disrupted pairing could therefore have implications for worm survival and maturation, disease transmission, and pathology, since parasite eggs are responsible for the major pathophysiological effects of schistosomiasis.
Capsaicin also affects motility of S. mansoni cercariae, but in a manner seemingly different than in adults and schistosomula. Cercariae exposed to capsaicin initially, but briefly, appear to become hyperactive, then subsequently enter a phase in which they remain in a single spot, continuing to move, but more in the pulsatile fashion of schistosomula than in the free-swimming manner of cercariae (see S2, S3 videos in Bais et al., 2015) . The cercariae do not lose their tails, as they do in PZQ (Andrews, 1978) , and seem to retain the capacity to swim about, but appear to exhibit "uncertainty" about where to go, almost as if they are receiving contradictory sensory signals (though clearly that interpretation will need to be tested). This response, which appears to differ from the sustained hyperactivity seen with adults and schistosomula, may reflect either the presence of a different repertoire of channels and receptors expressed by cercariae, or the triggering by capsaicin of different downstream pathways that produce distinct outputs at the different stages. Alternatively, both types of responses may in fact simply reflect different manifestations of either a high level of sensory "confusion" elicited by inappropriate and excessive activation of sensory inputs by capsaicin, or a nociceptive response.
5. The effects of capsaicin on worm motility are dependent on expression of SmTRPA, a S. mansoni TRPA1-like channel As discussed, the S. mansoni genome predicts no TRPV homologs, which raises the question of how the effects of capsaicin and other selective TRPV1 modulators are being transduced in these parasites. The answer could have important implications for understanding schistosome physiology and possible development of novel therapeutics. There are at least three possibilities: 1) The effects of capsaicin on worm motility could represent a nonspecific response to the compound, though that would not explain the TRPV1-like pharmacological sensitivities we observe; 2) Schistosomes may express a novel capsaicin receptor that is unrelated to TRP channels (eg, a G protein-coupled receptor). Such a novel receptor would be an exciting finding in itself and could possibly lead to compounds that selectively target this parasite receptor. It also does not exclude the participation of a TRP channel acting as a receptor-operated channel; 3) Capsaicin and other TRPV1 modulators could be interacting directly with a non-TRPV-like TRP channel. This third alternative could, like the second mechanism, have implications for selective drug targeting, and might also provide new insights into TRP channel structure-function relationships and evolutionary links.
In order to test this third possibility, we initiated RNAi knockdown experiments to determine if a schistosome TRP channel might be required for the worm's response to capsaicin. We focused on SmTRPA, the only TRPA1-like gene found in the S. mansoni genome (though we tested other schistosome TRP channels as well). We postulated that SmTRPA would be an appropriate candidate, even though mammalian TRPA1 channels are not activated by capsaicin (Shintaku et al., 2012; Story et al., 2003) . TRPA and TRPV channels are frequently found co-expressed, often have overlapping functions, can functionally and physically interact with one another, and are thought to be closely related phylogenetically (reviewed by Fernandes et al., 2012; Nilius et al., 2012; Peng et al., 2015; Venkatachalam et al., 2014) .
Our knockdown experiments showed that suppressing SmTRPA expression almost entirely eliminated the effects of capsaicin on locomotor activity in both male and female adult worms (Bais et al., 2015) . This result indicates that schistosome sensitivity to TRPV1 ligands is SmTRPA-dependent. Whether the role of SmTRPA in capsaicin sensitivity is as an ionotropic channel, or as another part of a pathway remains to be determined. However, knockdown of SmTRPA does not significantly reduce the well-characterized (Hillman and Senft, 1973; Mellin et al., 1983; Ribeiro and Geary, 2010) serotonin-induced stimulation of locomotor activity (Bais et al., 2015) , indicating that knockdown does not generally compromise the parasite neuromuscular system or its ability to respond to stimulation and that the role played by SmTRPA in capsaicin sensitivity is relatively specific.
In addition to affecting worm responses to capsaicin, suppression of SmTRPA expression also attenuates stimulation of motor activity by the TRPA1 activator AITC (Bais et al., 2015) . The most parsimonious explanation of these results is that SmTRPA exhibits mixed TRPV1/TRPA1-like pharmacology. On the other hand, our data are also consistent with a model in which SmTRPA, though required for the action of both TRPV1 and TRPA1 modulators on worm activity, is not the primary receptor, but is instead one essential component of a pathway linked to worm myoactivity, perhaps as a receptor-operated channel. If so, that leaves open the question of the identity of the schistosome receptor(s) responding to these compounds, as well as the individual constituents of that pathway.
Conclusions and future questions
Considering that TRP channels, because of their diverse and critical functions, are the subject of intense scrutiny in other organisms, and that parasite ion channels are validated therapeutic targets, the paucity of research on these channels in parasitic helminths is somewhat surprising. On the other hand, the current situation leaves the door wide open for unanticipated and potentially significant new findings. Indeed, our evidence suggesting novel pharmacology of the S. mansoni TRPA1 channel was unexpected, but, if confirmed by heterologous expression and functional studies, could have important implications for development of new antischistosomal therapeutics, and for illuminating phylogenetic relationships of TRP channels. If SmTRPA is indeed found to be responding directly to TRPV1 ligands, determining the structural correlates of that activity could provide new clues about how a TRPA1 channel with mixed TRPA1/TRPV1 pharmacology functions, and how it might be selectively targeted. As pointed out (Bais et al., 2015) , residues thought to be critical for constituting the vanilloid receptor site of TRPV1 are not well conserved in SmTRPA.
There are several compounds that have been shown to act on TRP channels that also have deleterious effects on schistosomes or other platyhelminths (killing, paralysis, hyperactivity), or that appear to be upregulated by the host in response to schistosome infection (Table 1) . Some of these agents are already approved for clinical use and could potentially be repurposed for treatment of parasite infections or used as starting scaffolds for new antischistosomals that selectively target schistosome TRP channels. Interestingly, most of the compounds listed in Table 1 have other, better characterized targets, but have more recently been shown also to modulate TRP channels, some with very high affinity. For example, clotrimazole is a widely-used antifungal drug that inhibits cytochrome P-450 enzymes. It has recently been shown to have relatively potent anti-schistosomal activity (Ziniel et al., 2015) . However, clotrimazole also acts on a variety of mammalian TRP channels, and is in fact one of the most potent inhibitors of human TRPM8, a cold and menthol receptor, with a reported IC50 of 200 nM (Meseguer et al., 2008) .
Obviously, several questions remain regarding the properties and biological roles of TRP channels in schistosomes and other parasitic platyhelminths. For example, although we have some idea of the expression patterns of the different S. mansoni TRP channel RNAs at different stages of the life cycle, we do not know the specific cells and tissues in which these channels are preferentially expressed. Nor do we know the repertoire of TRP channels expressed in individual cells and tissues, how they might interact, nor what signaling and gene expression pathways are impacted by their activation. We do not know if any other schistosome TRP channels also display atypical pharmacological sensitivities, though we have some suggestive preliminary evidence of unusual responses of worms to TRP channel ligands. We do not know which sensory signals are transduced by different TRP channels or whether or how TRP channel diversity increases due to expression of splice variants that may serve distinct functions. Assays of motility are useful, but do not have the resolution required to properly dissect TRP channel sensory functions such as chemotaxis and thermotaxis; adaptation of published assays and development of new ones will be required to better establish the roles of these channels in sensory function. Furthermore, why do schistosomes and other parasitic platyhelminths lack TRPV channels, and do other schistosome TRP channels such as SmTRPA serve some of the functions (as well as exhibiting the pharmacology) normally associated with TRPV channels?
In addition to exogenous TRP modulators, there are several endogenous agents that modulate mammalian TRP channels (Palazzo et al., 2013) . Many of these compounds target TRPV1 and TRPA1, activating them either directly or through second messenger pathways. Can these endogenous TRP channel activators influence schistosome migratory, evasive, and other behaviors through the parasite's TRP channels? For example, anandamide, a host endocannabinoid TRPV1 activator, is upregulated in response to schistosome infection and associated with schistosome-induced liver fibrosis (Table 1; Liu et al., 2009 ); it will be interesting to determine whether this compound has effects on schistosomes that are mediated by SmTRPA (or another schistosome TRP channel). Several pro-inflammatory compounds also act on mammalian TRP channels (Julius, 2013; Palazzo et al., 2013; Radresa et al., 2013) , [ TRPV4 Lethal to all intramammalian S. mansoni, worm stages, S. haematobium adults El Ridi et al. (2010) both directly (eg, 4-hydroxynoneal on TRPA1, leukotriene B4 on TRPV1) and indirectly (eg, bradykinin for both TRPA1 and TRPV1). Host inflammation and its regulation are important components of an environment that is permissive for schistosome development and maturation (Riner et al., 2013) . Do schistosomes respond to these compounds through their TRP channels, and does interference with such signaling have consequences for the parasite? In addition to the TRP channels associated with sensory signaling, the (presumably) intracellular TRPML-like channel may also be important for schistosome survival and development. In other organisms, TRPML channels are critical for endolysosomal trafficking, as well as autophagy, nutrient acquisition, and iron utilization Venkatachalam et al., 2015) . Are similar functions associated with the S. mansoni TRPML channel? Can this channel be selectively targeted to disrupt some of these essential functions?
TRP channels have already been validated in other organisms as critical components of several physiological functions. Further studies on this key ion channel family in parasitic helminths are likely to provide further surprises, and may lead to novel therapeutics.
